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A solid interface with a viscous liquid flow results in large drag, related to frictional forces. Reducing 
the drag by more than a few tens of percent remains elusive. Here, we use magnetic forces to 
stabilize a ferrofluid encapsulating a transported immiscible viscous liquid. This liquid-in-liquid flow 
exhibits drag reduction from 80% to more than 99%, tuneable by the viscosity ratio between the 
two liquids, over a range where the transported liquid has a viscosity larger or smaller than that of 
the encapsulating liquid. Our findings are explained by a laminar flow model that matches data for 
our whole range of experimental conditions.  
 
Friction is a multifaceted problem existing in most 
physical processes and accounts for almost 25% of 
energy loss in the world [1,2]. Hydrodynamic viscous 
drag is decisive while designing energy efficient flow 
systems for oil flow, irrigation pipelines and heat 
transfer systems [3]. To limit shear damage, 
aggregation and sedimentation in medically significant 
flows, like blood through tubes and arteries [4], 
reducing viscous drag is essential. Furthermore, 
enabling drag control is key in studying the response of 
cancer cells [5] and viruses [6]. Reducing drag, 
therefore, has led to a range of technical solutions, like 
mixing with additives  [7] , surface chemical 
treatment  [8], or thermal creation of two-phase 
systems  [9]. Nature's way, the Lotus effect  [10], has 
steered research towards engineered 
(super)hydrophobic surfaces with stabilized liquid/gas 
interfaces [11–13]. To overcome the drawback of the 
limited time stability of interstitial gas, oil/liquid 
infused surfaces have been proposed [14,15]. 
However, a non-negligible reduction is at the expense 
of draining the lubricating liquid [16]. A flowing 
intermediate liquid at the solid interface is the method 
of choice for transporting hydrocarbon products [17], 
but its use is limited due to the complications of 
injecting, stabilizing and flowing two immiscible liquids 
together [18]. For marine applications, liquids are 
considered non-usable, as draining should be avoided, 
and the lubricating liquid should be of lower viscosity 
than water to achieve a non-negligible drag 
reduction [15,16]. The use of ferrofluids as drag-
reduction liquids can mitigate the first issue, by using 
magnets to hold them in place. Recent results using 
ferrofluid-infused surfaces indeed showed 
superhydrophobic behaviour of interest [19]. Here, we 
take advantage of our recently discovered liquid-in-
liquid fluid transport approach, where the flow of a 
viscous liquid is separated from the solid wall by an 
immiscible ferrofluid, stabilized by a magnetic force 
field [20]. Our approach drastically reduces the 
pressure loss of the transported liquid, due to nearly 
frictionless flow. 
We investigate the flow properties of a diamagnetic 
cylindrical liquid 'antitube’ confined at the centre of a 
 
Figure 1 a) X-ray transmission image of the two-fluid system, 
inside a cavity (diameter D = 4.4 mm) surrounded by magnets. 
The brighter central flowing liquid (antitube) is surrounded by 
a darker immiscible ferrofluid. b) Experimental set up for 
differential pressure measurement (P1, P2). An antitube of 
diameter 𝑑 inside a rigid  cavity of diameter 𝐷 is shown with 
a velocity profile following the hypothesis of our 2-fluid 3-
region model. The red line between the ferrofluid and 
antitube depicts the liquid-liquid interface. Drag reduction, 
DR, for three different antitube diameters as a function of 
flow rate is plotted for c) honey as the transported fluid with 
APG314 ferrofluid (F1) as the confining fluid, and d) glycerol 
and APGE32 ferrofluid (F2) as the antitube fluid and confining 
fluid, respectively. 𝜂! is the ratio between the antitube and 
ferrofluid viscosities. Legend shows the antitube diameter in 
mm. Lines, markers and filled markers compare theory and 
experiments (see text for details).  
quadrupolar magnetic field source and surrounded by 
a ferrofluid sheath [20]. Fig. 1a shows an X-ray 
absorption image of the system. Near the ends of the 
magnets, the antitube diameter increases due to the 
fringe magnetic fields. This results in curved inlets and 
outlets for antitube channels (see SI S1, Fig. S1) which 
will prove essential for trapping the ferrofluid (see 
below). Friction reduction was measured under flow, 
set by a syringe pump, while capturing the differential 
pressure between the inlet and outlet of the antitube. 
The four magnet assembly was housed in a 3D-printed 
support with built-in fluidic connectors (Fig. 1b) [20]. 
Experiments were performed by flowing either honey 
or glycerol, confined in either one of two commercial 
ferrofluids (F1, F2) (see details in SI S2). This allowed 
measurements that span a large viscosity ratio between 
transported and confining liquids, both larger and 
smaller than one. Experiments were performed for 
three different antitubes diameters, determined by the 
amount of trapped ferrofluid inside the solid cylindrical 
cavity (Fig. 1b).  
For a fluid with density 𝜌, the measured pressure drop Δ𝑃 resulting from a flow rate 𝑄 through a tube of 
diameter 𝑑 and length 𝐿 is related to the friction factor 𝑓!"# =π$Δ𝑃𝑑% 8𝜌𝑄$⁄ 𝐿. The drag reduction factor 𝐷𝑅 is defined as  𝐷𝑅 = 	1001𝑓& − 𝑓!"#3 𝑓&⁄ , which is 
the percentage change of the measured friction factor 𝑓!"#	when compared to the factor 𝑓& under the same 
flow rate that follows Poiseuille’s law 𝑓& = 16𝜋𝐷𝜂/𝜌𝑄		with solid wall boundary of a tube  of diameter 
D=4.4 mm. This condition corresponds to the cavity 
diameter in absence of lubricating ferrofluid (Fig. 1b). 
Due to the liquid-liquid interface, the zero-velocity 
boundary condition at the transported liquid wall 
(antitube–ferrofluid interface) is no longer valid, and 
the deviation from Poiseuille’s law should result in 
hydrodynamic drag reduction. Experiments performed 
for Honey-F1 with viscosity ratio 𝜂'	= 52 (Fig. 1c) and 
Glycerol-F2 with viscosity ratio 𝜂'	= 0.65 (Fig. 1d) show 
remarkably high reductions of up to 99.8 % (see SI S3 
Fig. S2 for other cases). The large drag reduction can 
also be expressed as a much reduced pressure drop in 
the liquid-in-liquid design, Δ𝑃!"#, with an improvement 
ratio  𝛼# = Δ𝑃&/Δ𝑃!"# that reaches more than two 
orders of magnitude compared to a pressure drop Δ𝑃& 
in case of a solid-wall interface of equivalent size (see 
SI Fig.S3). In contrast to prior belief  [15] , large drag 
reduction can still be achieved, even if the “lubrication” 
ferrofluid has a higher viscosity than the transported 
one, such as for Glycerol-F2, where a drag reduction of 
up to 95% is observed (Fig. 1d). As one would expect, 
the drag reduction increases with decreasing antitube 
diameter (Fig. 1c, d).  
We explain our results using a two-fluid model, based 
on the steady-state one dimensional Navier-Stokes 
equation with velocity as a function of radius only in a 
cylindrical geometry, 𝑢 = 𝑢(𝑟), with modified 
boundary conditions. A key hypothesis is the 
occurrence of a counter-flow within the encapsulating 
ferrofluid (Fig. 1b) resulting from avoiding drainage of 
the ferrofluid by using magnetic sources. This 
suppression is due to the non-uniform magnetic fields 
at the inlet and outlet opposing any egress of ferrofluid. 
As the ferrofluid cannot escape, but noting that i) flux 
must be conserved and ii) that the drag reduction 
should result from a non-zero velocity at the ferrofluid-
antitube interface, a return path for the ferrofluid flow 
must exist. The simplest hypothesis is illustrated by the 
velocity profile in Fig. 1b, where we define three 
regions: I inside the antitube, II the part of the ferrofluid 
that travels alongside the antitube flow, and III where 
counter-flow occurs. The non-dimensional governing 
equations for the three regions (i = I, II, II) are given by  																			 1𝑅𝑒( 	𝑟⋆ 𝜕𝜕𝑟⋆ ?𝑟⋆ 𝜕𝑢(⋆𝜕𝑟⋆@ = 𝜕𝑃(⋆𝜕𝑧⋆	 																								(1) 
where 𝑢(⋆, 𝑟⋆, 𝑧⋆	are dimensionless velocity and 
coordinates scaled by the average velocity 𝑢+	of the 
flowing liquid, of diameter 𝑑 of the region I (antitube). 
The dimensionless pressure is defined as	𝑃(⋆ = 𝑃( 𝜌(𝑢+$⁄   
with the corresponding Reynolds numbers for each 
region being  𝑅𝑒( = 𝜌(𝑢,𝑑 𝜂(⁄ . Note that the pressure 
gradients along the main flow in both ferrofluid regions 
are equal, under the hypothesis that these two regions 
do not mix, resulting in the absence of pressure 
gradient along 𝑟, and therefore  -&!!⋆-.⋆ = -&!!!⋆-.⋆ . Deviations 
are only expected at the tube extremities, over a length 
that we neglect when compared to the device length. 
These governing equations are solved for velocities 
(𝑢/⋆, 𝑢//	⋆ , 𝑢///⋆ ), pressure gradient C-&!!!⋆-.⋆ D and thickness  𝑛	of region II, using boundary conditions depicted in the 
Fig. 1b:  finite velocity at the antitube centre, zero 
velocity at the solid wall and at interface of II and III, 
continuity of velocity and shear stress at interfaces I-II 
and II-III. Along with these boundary conditions, the 
volume conservation of ferrofluid dictates that the flow 
rate in region II and III must be equal, 𝑄//⋆ = −𝑄///⋆ . 
Analytical expressions of the velocity profiles obtained 
are then:  	𝑢///⋆ = 𝑅𝑒///4 𝜕𝑃///⋆𝜕𝑧⋆ G	𝑟⋆$ − 𝑎0𝑙𝑛(	𝑟⋆) − 𝑎$	J																	(2)
 
𝑢//⋆ = 𝑅𝑒//4 	⎣⎢⎢
⎢⎡ 		𝜕𝑃///⋆𝜕𝑧⋆ ?𝑟⋆$ 	− O𝑑 + 2𝑛2𝑑 Q$@	+12?𝜌/𝜌// 𝜕𝑃/⋆𝜕𝑧⋆ − 𝜕𝑃///⋆𝜕𝑧⋆ @ ln? 2𝑑𝑟⋆𝑑 + 2𝑛@⎦⎥⎥
⎥⎤				(3) 
 	𝑢/⋆ = 𝑅𝑒/4 	𝜕𝑃/⋆𝜕𝑧⋆ G	𝑟⋆$ + 4(𝑎1 − 𝑎2 − 𝑎%)J																				(4) 
 
where, 𝑎0, 𝑎$, 𝑎1, 𝑎2, 𝑎% are scalar constants that can 
be expressed as explicit functions of 𝑑, and the 
thicknesses  𝑛	of the region II and 𝑡3 of the ferrofluid 
(see SI S4 for full expressions). More detailed 
information on the occurrence of counter flow and the 
resulting velocity vector field can be obtained by 
computational fluid dynamics (CFD) simulations using 
ANSYS CFX 18 (see SI S5, Fig. S4).  As illustrated in Fig. 
2a, a counter flow behaviour occurs in the ferrofluid 
close to the outer wall for a Honey-F1 antitube with d = 
1.73 mm and Q = 300 µl min-1. Furthermore, good 
agreement between numerical and analytical velocity 
profiles for both Honey-F1, 𝜂' = 52 (Fig. 2b), and 
Glycerol-F2, 𝜂' = 0.65, (Fig. 2c) validates our numerical 
algorithm. In order to more accurately model the 
experimental system shown in Fig. 1, we extended the 
simulations to consider the finite length of a device, and 
the effect of fringe fields on the shape of interface at 
the inlet and outlet, beyond the hypothesis of the 
infinite tube of the analytical model. Numerical 
simulations were found to reproduce well the drag 
reduction data in Fig 1c, while systematically 
underestimating observed drag reduction for 𝜂' =0.65	 (Fig. 1d).  
Drag reduction can also be calculated from expressions 
2-4, from which the flow rate through the antitube can 
be expressed as: 
 
 
Figure 2 a) Numerical simulations of the velocity field showing 
all the features of the 2-fluid 3-region model, including the 
counter-flow shown in Fig. 1. Non-dimensional velocity 
profile for b) Honey-F1 (APG314) and c) Glycerol-F2 (APGE32); 
lines are analytical predictions and markers are numerical 
calculations. Inset of b) shows the magnified view of velocity 
profile in an antitube. 𝜂! is the viscosity ratio. 
 															𝑄/⋆ = 𝜋𝑅𝑒/4 𝜕𝑃/⋆𝜕𝑧⋆ Z 132 +	𝑎1 − 𝑎2 − 𝑎%[										(5) 
and the resulting friction factor then written as  																																						𝑓4 = 64𝑅𝑒	𝛽 																																					(6) 
where the Reynolds number is scaled by the factor: 																								𝛽 = 32(𝑎% + 𝑎2 − 𝑎1) − 1.																				(7) 
Using a weighted average for the diameter 𝑑 following 
the observations in Fig. 1b (see SI, S4), (6) can be used 
to estimate the reduction in friction factor, and its 
outcome shown for comparison in Figs 1c,d (lines). We 
find that the difference between the analytical and 
numerical models is negligible, and mostly results for 
the numerical simulations taking into account the shear 
dependence of the viscosity into account.   
Under the assumption of a negligible pressure gradient 
in region II	C-&!!⋆-.⋆ = 0D, Eq. 7 can be further simplified to 																								𝛽, = 1 + 4	ln C1 + 2𝑛, ?^?D 𝜂'																(8) 
This simplification of 𝛽 underestimates the frictional 
drag and becomes more approximate when the 
thickness of the ferrofluid decreases (see SI Table 1). It, 
however, explicitly reveals the contributions of the 
geometrical parameters and fluid properties. 𝛽, 
expresses the deviation from the asymptotic 𝛽, = 1 
value for solid walls, and quantifies the reduction in the 
friction resulting from a liquid-in-liquid flow. This 
scaling number 𝛽, controls the drag reduction 
magnitude through the viscosity ratio (𝜂') of the 
involved liquids, the size of antitube (𝑑), and thickness 
of the ferrofluid region 𝑡3 (typically 𝑛, ≈ 0.4	𝑡3). Note 
that we take the viscosity of the ferrofluid at saturation 
in a magnetic field (see SI S6, Fig S6). Hence the drag 
reduction can be tuned by the choice of viscosities and 
the amount of ferrofluid trapped in the device cavity. 
Fig. 3 illustrates how the calculated friction factor using 
the full model 𝑓4 (from Eq. 6 and 7) compares with the 
experimental one 	𝑓!"#. This simple model captures the 
experimental measurements for the four liquid 
combinations, spanning four orders of magnitude of 
the modified Reynolds number. Although the model 
cannot completely account for minor offsets observed 
at low viscosity ratio values, Fig. 3 nevertheless 
illustrates the significant range of fluidic conditions that 
the model can apply to. We expect that more 
complicated fluid velocity profiles along z can develop, 
especially for low viscosity encapsulating liquids, but 
taking them into account is beyond our current model. 
 
Figure 3 Comparison of experimental 𝑓"#$ (markers) and 
analytical 𝑓% (line) friction factors. Inset gives the diameter of 
antitubes (mm) for each case. Re denotes the Reynolds 
number and 𝛽 is the scaling factor  (= 1 for solid-walled tube, 
see Equ. 7).  
 
Our results indicate that spectacularly large drag 
reduction can be achieved by taking advantage of the 
non-zero velocity of a viscous liquid at its interface with 
another liquid, even under the assumption that the 
encapsulating liquid cannot escape. We emphasize 
here that our experiments were designed to 
demonstrate the magnitude of the drag reduction for a  
significant range of relative viscosity for the two liquids, 
without optimizing for the largest achievable drag   
reduction.  The friction reduction is quantified by a 
rescaling of the Reynolds number with scaling number 𝛽 in Eq. 7. Reducing the drag then benefits from 
decreasing the diameter of an antitube relative to its 
surrounding ferrofluid as well as increasing the ratio of 
the viscosities of the two. The former is relevant for the 
needs and length-scales of microfluidics, while the 
latter indicates that large drag reduction is expected 
when flowing highly viscous antitube liquids. Moreover, 
our previous results [20] showing antitube diameters as 
small as 10 µm mean that antitube diameter to 
ferrofluid thickness ratios of order 102 are within reach, 
making therefore very large drag reduction in 
microfluidic channels possible for a broad range of 
encapsulating liquid viscosity values. Downsizing or 
designing magnetic force gradients along the flow 
direction can also further enhance the stability of the 
ferrofluid against shearing, paving the way to both high 
velocity and low viscosity fluidic applications, in 
domains ranging from nanofluidics to marine or 
hydrocarbon cargo transport. 
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S1 Characterising Antitube Diameters 
We use X-ray absorption contrast to characterise i.e to measure the diameter of antitubes. To do so, 
we analyse the absorption contrast obtained. Since we have transparent liquid (Honey or Glycerol) 
at the center and relatively opaque liquid (ferrofluid) in the surrounding, we obtain a white band 
(antitube) inside a darker surrounding. 
The antitube diameter increases at the end of the magnets (bottom part in Figure S1 (a)), is due 
to the stray field of the magnets. The distance along 𝑧 for which the diameter varies is measured 3 
mm. The width of the intensity profile gives the diameter of the antitube. However, since the width 
varies with intensity, we need calibration. To calibrate the intensity profile and thereby to extract 
diameter, we used known samples of given diameter in place of honey and glycerol (shown in Figure 
S1(c)) and measured their profiles with X-rays. Figure S1(d) shows the comparison of known 
diameters of known samples with the experimentally measured values (markers) using intensity 
profile. It follows that in the range of our experiments, the diameter of antitube is given by the width 
of the profile at 30% of the maximum intensity. The error bars correspond to the limit of detection 
(±40 𝜇m). 
S2 Materials and Methods 
The non-magnetic liquids used here are glycerol from Sigma-Aldrich and honey from Famille 
Michaud. The ferrofluids used are APG314 and APGE32 from FerroTech. Hence we have four 
combinations of magnetic and non magnetic liquids. To characterize the liquids, their rheological 
property namely viscosity is measured using viscometer from Anton par. To begin the flow 
experiments, initially the 3D printed cavity is first filled with the non-magnetic liquid and then 
replaced by ferrofluid injected near the cavity walls and hence forming the antitube. Controlling the 
amount of ferrofluid in the cavity, we get different diameters of antitube. A syringe pump from 
Harvard apparatus (PHD 2000) is used to control the flow rate in the antitube and the resulting 
pressure drop is measured using pressure sensors from Honey well (HSCDLND001PG2A3). The 
pressures are read using a sensor evaluation kit also from Honeywell (SEK001). 
  
Figure S1: Measurement of antitube diameter. a) Absorption contrast image of liquid-in-liquid tube. 
Horizontal (along r) distance between magnets is 6 mm. b) Intensity profile across r, averaged over z 
in red box in Figure S1(a). c) Absorption contrast image of test sample with three different known 
diameters; 2.5 mm, 1.75 mm, 1 mm. d) Measurement using intensity profile. Markers show width of 
intensity profile at 30% of maximum intensity. Expected diameters joined by lines. 
S3 Additional Experimental Drag Reduction Data used in Main Text Figure 3. 
Drag reduction for honey-APGE32 (Figure S2(a)) and glycerol-APG314 (Figure S2(b)) corresponding 
to the viscosity ratio 𝜂𝑟  = 7 and 𝜂𝑟 = 4.8 respectively shows maximum drag reduction around 98% 
and 95% respectively. Another indication of gain is the pressure drop reduction which is defined as 
the ratio of pressure drop for solid walled tube to the antitube ( 𝛼𝑝 = Δ𝑃𝑝/Δ𝑃𝑒𝑥𝑝 ) with identical flow 
rate (𝑄) and diameter (𝑑). The factor (𝛼𝑝) for all our experimental data is presented in Figure S3 for 
different viscosity ratio (𝜂𝑟). It is very impressive that for 𝜂𝑟 = 52, the antitube system results in 157 
times less pressure drop than the solid walled tube (red markers in Figure S3(a)). 
2 
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Figure S2: Drag Reduction. a) Honey-APGE32 with 𝜂𝑟 =7, b) Glycerol-APG314 (𝜂𝑟 =4.8) 
 
 
Figure S3: Pressure drop reduction. a) Honey-APG314 with 𝜂𝑟 =52, b) Glycerol-APG314 (𝜂𝑟 =4.8), c) 
Honey-APGE32 (𝜂𝑟 =7.0), d) Glycerol-APGE32 (𝜂𝑟= 0.65).  𝛼𝑝 = Δ𝑃𝑝/Δ𝑃𝑒𝑥𝑝 is the ratio of pressure 
drop for solid wall tube to the antitube with identical diameter. 
S4 Expressions for the constants 𝒂𝟏 − 𝒂𝟗 in Eqs. (2,4) 
The velocity profiles in the three regions are 
                                                𝑢𝐼𝐼𝐼
⋆ =
𝑅𝑒𝐼𝐼𝐼
4
𝜕𝑃𝐼𝐼𝐼
⋆
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2
− 𝑎1ln( 𝑟
⋆) − 𝑎2 ]                                                  (S4.1) 
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with the constants 𝑎1 to 𝑎5  as 
                                  𝑎1 = [ 
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2
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] 
1
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                                            𝑎4 =
𝜂𝑟
4
ln (
𝑑 + 2𝑛
𝑑
) (
1
2
+
1
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                                                                  𝑎5 =
1
16
                                                                                            (S4.8) 
Since the diameter of antitube (𝑑) increases near the edge of magnet, we use the weighted average of 
the diameter along the length and get an average constant diameter as 
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1
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1
𝑑𝑖
4
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𝐿
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)
 
1
4
                                                                                 (S4.9) 
where, 𝑙 is the small length over which the diameter is considered constant. We consider 𝑙 equals 
0.1 mm and 𝐿 = 51 mm. 
Note 𝑛 is unknown and to find that we use the experimental diameter of antitube 𝑑, thickness of 
ferrofluid 𝑡𝑓  in the condition of volume conservation of ferrolfuid 𝑄𝐼𝐼
⋆ = −𝑄𝐼𝐼𝐼
⋆  and continuity of shear 
stress at the interface II and III, given by 
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with 𝑎6 to 𝑎9 as   
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                   (S4.15) 
A single value of 𝑛 should satisfy Eq. S4.10 and Eq. S4.11. We plot the ratio of pressure gradients 
from Eq. S4.10 and Eq. S4.11 for different values of n and take the value of n at which the two plots 
intersect. 
The flow rate through antitube is obtained by integrating Eq. S4.3 over the cross section area of 
antitube and is given by 
                                                                    𝑄𝐼
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𝜋𝑅𝑒𝐼
4
𝜕𝑃𝐼
⋆
𝜕𝑧⋆ 
[ 
1
32
+ 𝑎3 − 𝑎4 − 𝑎5]                                                  (S4.16) 
Noting here that 
𝜕𝑃𝐼
⋆
𝜕𝑧⋆
= −𝑓𝐴/2 , where 𝑓𝐴  is the friction factor and using Eq. S4.16 results in                  
𝑓𝐴 = 64/𝑅𝑒𝐼𝛽 , where 
                                                                    𝛽 = 32(𝑎5 + 𝑎4 − 𝑎3) − 1.                                                     (S4.17) 
Simplified model 
After neglecting the pressure gradient in region II, the governing equations are 
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                                                          (S4.20) 
Solution of these governing equations with the boundary conditions as used in the full model gives 
velocity profiles in three regions as 
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𝑛0 is again calculated using expressions resulting from condition of volume conservation of ferrofluid 
and shear stress continuity at the interface between region II and III. The flowrate through the 
antitube is obtained by integrating Eq. S4.23 and is given by 
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And the friction factor is 𝑓𝐴 = 64/𝑅𝑒𝐼𝛽0, where 
 
                                                                𝛽0 = 1 + 4 ln (1 +
2𝑛0
𝑑⁄ ) 𝜂𝑟                                                     (S4.25) 
The 𝛽 values calculated using full model (𝛽) and simplified model (𝛽0) are compared for all our 
cases in table 1. 
 
Table 1. Comparison of full model and simplified model 
Case 𝑑 (mm) 𝑡𝑓 (mm) 𝑛 (mm) 𝛽 𝑛0  (mm) 𝛽0 
Honey-
APG314 
2.45 0.98 0.34 41.6 0.38 58.68 
1.77 1.32 0.49 74 0.53 98.3 
0.98 1.71 0.67 151.68 0.73 183.35 
Honey-
APGE32 
2.40 1.00 0.36 6.74 0.39 9.12 
1.85 1.28 0.47 10.21 0.51 13.39 
1.20 1.60 0.61 17.44 0.67 21.49 
Glycerol-
APG314 
2.30 1.05 0.38 5.24 0.41 6.95 
1.72 1.34 0.50 7.98 0.54 10.26 
1.07 1.67 0.65 13.62 0.70 16.46 
Glycerol-
APGE32 
2.3 1.05 0.38 1.57 0.41 1.8 
1.53 1.44 0.54 2.11 0.58 2.44 
1.05 1.68 0.65 2.74 0.71 3.12 
 
S5 ANSYS Simulations 
The numerical solution of the liquid-in-liquid system includes solving the full 3 dimensional steady state 
Navier-Stokes equation while taking into account the curved edges of the antitube. Numerical 
simulations also take into account the non-Newtonian behavior of ferrofluid APGE32 through a user 
defined shear rate dependent viscosity. We use ANSYS 18 computational fluid dynamics package with 
ANSYS-CFX finite volume based solver. These numerical solutions are first validated against the simple 
analytical expression for semi-infinite case and then accepted to encapsulate the effect of the curved 
edges of the antitube near the edge of magnets. The numerical algorithm follows [1] 
The numerical velocity field obtained is validated against the analytical expression for the limiting 
case of semi-infinite channel with no curved parts (see Figure S4(a) and Figure S4(b). Figure S4(c) and 
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Figure S4(d) compares velocity profile using numerical simulation(markers) and full analytical 
expressions(lines) for honey-F1 and glycerol-F2 respectively. Figure S4(e) and Figure S4(f) compares the 
numerical simulations and analytical model neglecting the pressure gradient term in region II            
(
𝜕𝑃𝐼𝐼
⋆
𝜕𝑧⋆ 
= 0). With validated numerical procedure we simulate the system with curved edges (as seen in 
experiments). Figure S5 shows the details of antitube system with curved edges and its numerical 
predictions. 
 
Figure S4: Validation of numerical algorithm. a) and b) Velocity vectors near the outlet showing reverse 
flow for Honey-F1 and Glycerol-F2 respectively. c) and d) Comparison of analytical and numerical non 
dimensional velocity profile over the black line in Figure S4(b) and Figure S4(c) using full model. e) and 
f) Comparison using simplified analytical model neglecting pressure gradient term. Lines are analytical 
predictions and markers are numerical calculations. Inset shows the magnified view of velocity profile 
in antitube. The antitube diameter for left and right column is 1.73 mm and 1.54 mm respectively. 𝜂𝑟is 
viscosity ratio. 
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Figure S5: Numerical results. a) Experimental image of antitube with surrounding ferrofluid, curved 
part at the edge of the magnet can be seen. b) Velocity vectors corresponding to Figure S6(a) with 
curved edges. APG314 as ferrofluid and Honey antitube showing reverse flow of ferrofluid. c) Non 
dimensional velocity profile. 𝑑=1.73 mm is diameter of antitube. 
S6. Ferrofluid Magneto-Viscosity 
 
Figure S6: Viscosity of ferrofluids in perpendicular magnetic field. a) Increasing viscosity with applied 
magnetic field (B) for ferrofluid APG314 (F1) for shear rate from 10/s to 110/s. b) Increasing viscosity 
with applied magnetic field for ferrofluid APGE32 (F2) for shear rate from 10/s to 110/s. Lines are 
guide to eyes. F1 and F2 are dummy identifiers linked to ferrofluids in the manuscript. Expression 
shows the dependence of saturated viscosity 𝜂 on shear rate 𝛾. 
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We measure the viscosity of the involved fluids using viscometer from Anton Paar. The 
measurement was done using a plate type viscometer with 1 mm gap between plates. All the 
measurements are performed at 23±0.5 ◦c. The viscosity of glycerol and honey remains constant at 
11.99±0.0268 Pa-s and 1.13±0.004 Pa-s. The density of glycerol and honey is 1260 𝑘𝑔/𝑚3  and 
1420  𝑘𝑔/𝑚3 . We measured the viscosity of ferrofluids in perpendicular magnetic fields. The 
increase in viscosity with increasing field is shown in Figure S5. The viscosity of ferrofluid APG314 
(F1) (Figure S6(a)) increases with increase in magnetic field and reaches a plateau. Most of the 
increase in viscosity happens till 0.2 𝑇. It is also important to note here that with the increase in 
shear rate, viscosity curves remain more or less same quantitatively (compare different profiles in 
Figure S6(a)). Viscosity curves of APGE32 (F2) (Figure S6(b)) on the other hand shows clear 
dependence of viscosity curves on applied shear rate (compare different profiles in Figure S6(b)). 
The magnitude of viscosity decreases with increasing applied shear rate. Considering saturated 
viscosity, the variation of viscosity with applied shear rate (γ) is given by 𝜂 = 𝐾𝛾1−𝑐. Where K and c 
are constants with value 1.8365 and 1.046 respectively. 
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